A lthough the clinical use of nanoparticles for the diagnosis or treatment of disease has been under development since the 1960s, a new generation of particles seeks to combine multiple functionalities within a single construct. 1À4 This strategy provides a promising way of noninvasively monitoring biodistribution of therapeutics, while simultaneously treating and tracking disease progression. Additionally, numerous imaging agents may be combined to allow for orthogonal methods of diagnosis in a single dosing. 5À7 Such a method of co-administration is often accomplished by co-encapsulation of multiple components during the fabrication of nanoor microparticles. 8À11 These encapsulation approaches, however, may influence functionality of imaging contrast agents. For example, encapsulating a magnetic resonance imaging (MRI) contrast agent into a particle's interior may limit its interaction with water in surrounding tissues and significantly reduce its relaxivity. 12 Additionally, co-encapsulation of imaging probes and drug molecules may result in undesirable interactions between the two components. Some studies have reported that contrast agents, such as gadolinium chelates, can form noncovalent associations with various proteins, which would have deleterious effects on the efficacy of biomacromolecular therapies.
13À15
Therefore, efforts are increasingly made to localize imaging contrast agents on particle surfaces. One popular approach is chemical conjugation of micelle-forming molecules or surfactants with contrast agents or their ligands. 16À18 However, these methods may interfere with particle formation and reduce the loading efficiency of drug molecules. Other approaches have therefore focused on chemically modifying the particle surface postfabrication, 19, 20 but the accompanying chemical reaction and purification steps raise concerns about the retention and bioactivity of molecules loaded within the carriers. 21 Therefore, there is still a need to exploit an advanced approach that decouples the control of particle assembly from gadolinium loading on the surface, while circumventing concerns regarding additional chemical surface modification steps. Previously, several biological studies discovered that many biomolecules and pathogens utilize an electrostatic and hydrophobic association to stably associate with a host cell. For example, transmembrane proteins present positively charged amino acid residues and hydrophobic alkyl chains to facilitate association with lipid molecules of a cell membrane. 22À24 Additionally, various viruses associate with cell membranes through similar electrostatic and hydrophobic associations to facilitate intracellular invasion. 25À27 This study presents a strategy to harness these biological interactions in the design of carriers coated with MRI contrast agents using a polymeric fastener. A fastener is defined as a functional unit that physically joins two objects together. In this way, we propose a method to join gadolinium, an MRI contrast agent, with 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC) liposomes as a model carrier. Chitosan conjugated with octadecyl chains and diethylenetriaminepentaacetic acid (DTPA), termed DTPAÀchitosan-g-C 18 , was synthesized as a polymeric fastener to immobilize chelated gadolinium on the liposome surface via electrostatic and hydrophobic assembly (Scheme 1). We examined the role of chitosan structure in liposomal surface loading and subsequent enhancement of MRI contrast, as well as the thermodynamics of association between chitosan and liposome using isothermal titration calorimetry (ITC). Outcomes were compared to traditional methods of gadolinium loading, such as encapsulation of gadolinium into the liposome, which have been developed to enhance retention in vivo. 28 Overall, the results of this study enable decoupled control of particle assembly and gadolinium loading, offering considerable potential to improve bioimaging quality, as well as to advance the methods used for assembly of multifunctional nano-and microcarriers.
RESULTS AND DISCUSSION
Synthesis and Characterization of DTPAÀChitosan-g-C 18 . Chitosan capable of binding with both liposome and gadolinium was synthesized by chemically conjugating a controlled number of hydrophobically associating octadecyl chains and gadolinium-binding DTPA to the polymer backbone. The modification of chitosan was performed through a two-step process as depicted in Figure 1a . First, chitosan, consisting of 95.5% deacetylated glucosamine subunits, was conjugated with octadecyl chains through the reaction between the amine groups of chitosan and carbodiimide-activated Scheme 1. Schematic diagram of association between a preformed liposome and DTPAÀchitosan-g-C 18 . ARTICLE stearic acid. 29 According to the 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay, the degree of substitution of octadecyl chains linked to a chitosan molecule (DS C18 ) was varied from 0 to 2.3 to 4.2% by altering the molar ratio between stearic acid and glucosamine (see Table 1 ). The resulting alkyl-substituted chitosan, termed as chitosan-g-C 18 , remained soluble in water at pH 4.7. Next, the chitosan-g-C 18 , as well as unmodified chitosan, was further conjugated with DTPA through the carbodiimide-mediated reaction between amine groups of chitosan and carboxylates of DTPA. 30 The resulting DTPAÀchitosan-g-C 18 was readily dissolved in physiologically relevant and neutral media. Chitosan coupled with DTPA successfully chelated gadolinium, as demonstrated by the retention of yellow color of xylenol orange added to the mixture of DTPAÀ chitosan-g-C 18 and GdCl 3 ( Figure 1b ). Note that xylenol orange presents a pink color upon complexation with free gadolinium ions in solution. The active association between DTPA grafted to chitosan and gadolinium was also verified by examining the ratio of absorbance peak heights at 573 and 433 nm 31 ( Figure 1c ). In the presence of DTPAÀchitosan or DTPAÀchitosan-g-C 18 , this ratio did not change as compared to the pure xylenol orange solution. However, without the chelate, there was a dramatic change in the absorbance spectrum, with a 3-fold increase in the ratio of absorbances at 573 and 433 nm. As confirmed by the xylenol orange assay, we could tune the degree of substitution of DTPA to chitosan with the molar ratio between 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and glucosamine unit of chitosan. In this study, the molar ratio between DTPA and EDC was kept constant at 5:1, to circumvent the potential cross-linking reaction between DTPA conjugated to the chitosan molecules. This degree of DTPA substitution was kept constant at approximately 15% for all conditions (Table 1) . Modification of the Liposome Surface Using DTPAÀChitosan-g-C 18 . Liposomes coated with DTPAÀchitosan or DTPAÀ chitosan-g-C 18 were prepared by mixing premade liposomes and chitosan molecules in aqueous media. Liposomes with an average diameter of 4.6 ( 2 μm, characterized with phase contrast microscopic images, were first formed by film hydration, and then mixed with DTPAÀchitosan or DTPAÀchitosan-g-C 18 with DS C18 varied from 2.3 to 4.2% ( Figure S1 and Figure 2a) . 
ARTICLE
The liposome surface was fully saturated with modified chitosan by mixing the two components at a 4:1 molar ratio between glucosamine unit and exposed lipid. To examine the resulting liposome-chitosan association, DTPAÀchitosan and DTPAÀchitosan-g-C 18 were labeled with the amine-reactive rhodamine-B isothiocyanate ( Figure S2 ). Within 10 min, the liposome showed positive red fluorescence on its surface, according to cross-sectional images captured with a confocal microscope (Figure 2b ). The ring-like appearance of Figure 2b -(i) is in direct contrast to the confocal image of a liposome encapsulating fluorescent DTPAÀchitosan-g-C 18 , formed by hydration of lipids in the presence of the modified chitosan ( Figure 2b-(ii) ). This visually indicated the surface localization of the chitosan fastener on preformed liposomes. By quantitatively measuring the fluorescent intensity of liposomes after centrifugation, as well as the free chitosan in the supernatant, we found that the number of chitosan molecules bound with the liposome surface was indeed independent of DS C18 . These results therefore demonstrate that both DTPAÀ chitosan and DTPAÀchitosan-g-C 18 readily adsorb onto the liposome surface (Figure 2c ). The chitosan associated with liposome remained stable for at least 24 h even after transfer of the liposome particles to chitosan-free phosphate buffered saline (PBS) (results not shown). However, according to the thermodynamic analysis conducted using ITC, the octadecyl chains grafted to chitosan significantly augmented the association of the chitosan molecules with liposome surface ( Figure S3 ). In this analysis, liposomes were formed by film hydration of DPPC lipids and titrated with solutions of DTPAÀchitosan or DTPAÀchitosan-g-C 18 with varied DS C18 . Similar to the fluorescence assay presented in Figure 2c , the number of glucosamine units of chitosan bound to the liposome at saturation (N) was approximately equal to the number of lipids in the outer leaflet, independent of DS C18 (Table 2 ). In contrast, the equilibrium binding constant, K, increased with increasing DS C18 . The binding constant is defined as
where C free is the concentration of unbound glucosamine repeat unit, and Θ is the fraction of exposed 18 , liposomes were coated at a 1:1 ratio of glucosamine unit to exposed lipid. Therefore, the number of chitosan subunits bound to a liposome was independent of the degree of substitution of octadecyl chains (DS C18 ). (d) Linear regression of change in Gibbs free energy during the association (ΔG) versus DS C18 . The y-intercept represents the ΔG for a glucosamine unit (ΔG glucosamine ), and the slope is equal to the difference between ΔG for octadecyl chains (ΔG C18 ) and ΔG glucosamine .
ARTICLE lipids bound by modified chitosan. C free is further expanded and related to the total chitosan concentration and saturation binding stoichiometry, N:
where L is the concentration of lipids in the outer leaflet of the liposome and assumed to be half of the total lipid concentration. Accordingly, the change in Gibbs free energy (ΔG) of the liposomeÀchitosan mixture, calculated from K using eq 3, presented negative values for all conditions.
These negative values of ΔG indicate that the association of chitosan with liposome is thermodynamically favorable. Interestingly, ΔG decreased linearly with DS C18 (Figure 2d ). ΔG was further related to the additive contributions of ΔG for the octadecyl chain (ΔG C18 ) and ΔG for other glucosamine units (ΔG glucosamine ), through eq 4:
The ΔG C18 calculated from the slope and y-intercept of the linear regression curve in Figure 2d is approximately À10.8 kcal/mol. Note that the free energy for transfer of a hydrocarbon chain into a micelle or bilayer has previously been reported as approximately À0.7 kcal/mol per methylene group. 33 Therefore, it is suggested that most methylene units of the octadecyl chain grafted to chitosan are inserted into the liposome bilayer via hydrophobic assembly, thus further stabilizing DTPAÀchitosan-g-C 18 on the liposome surface. Changes in enthalpy, (ΔH), were calculated by relating it to the total heat of the solution (Q) measured with ITC, as shown in eq 5
where V 0 is the total volume of the sample cell. In all cases, ΔH was positive, which suggests that the association between liposome and chitosan was endothermic for all conditions. This result is similar to previous studies for the association of unmodified chitosan with zwitterionic lipids. 34 Additionally, the change in entropy (ΔS), calculated from ΔH and ΔG using eq 6 also presented positive values for all conditions.
Interestingly, ΔS increased with DS C18 of DTPAÀchito-san-g-C 18 (Table 2) . Taken together, we interpret that the increase in entropy is responsible for the thermodynamically favorable association between liposome and modified chitosan molecules. The positive ΔS is likely due to the release of counterions and water molecules bound with chitosan and liposome surfaces, as electrostatic interactions are established between charged chitosan subunits and exposed lipids. It is also likely that the octadecyl chains grafted to chitosan molecules confer an additional increase in ΔS with increasing DS C18 of DTPAÀchitosan-g-C 18 due to desolvation upon insertion into the bilayer. These different association mechanisms and thermodynamic contributions between DTPAÀchitosan and DTPAÀchitosan-g-C 18 significantly influenced the amount of gadolinium loaded on the liposome surface, as will be demonstrated in the subsequent section.
Loading Gadolinium on a Liposome Surface. As expected, liposomes associated with either DTPAÀchitosan or DTPAÀchitosan-g-C 18 of varying DS C18 could immobilize gadolinium on their surfaces. In this study, coated liposome particles were mixed with GdCl 3 to saturate the conjugated DTPA (Figure 3a) . Complete chelation was verified by the xylenol orange assay. Liposomes coated by DTPA-modified chitosan were able to associate with gadolinium and produce the same spectrum as pure xylenol orange solution (Figure 3b) . Conversely, in the absence of chitosan, bare liposomes mixed with gadolinium showed a 3-fold increase in the ratio of absorbances at 573 and 433 nm. These results clearly confirm that gadolinium is stably immobilized on the liposome surface through the adsorption of DTPAÀchitosan or DTPAÀchitosan-g-C 18 .
Interestingly, however, the amount of gadolinium immobilized on the liposome surface was significantly dependent on whether the DTPAÀchitosan was modified by octadecyl chains. According to the quantitative fluorescence assay to determine the number of rhodamine-labeled chitosan molecules remaining on the liposome surface after addition of GdCl 3 , complexation of gadolinium with DTPA triggered 30% of the DTPAÀchitosan to desorb from the liposome surface (Figure 3c ). In contrast, DTPAÀchitosan-g-C 18 showed minimal desorption. Therefore, as a result, the gadolinium surface loading was approximately 1.4 times larger with DTPAÀchitosan-g-C 18 . These results suggest that the gadolinium bound to DTPAÀchitosan destabilize the electrostatic association between chitosan molecules and liposome surface. In contrast, octadecyl chains of the DTPAÀchitosan-g-C 18 , which hydrophobically associated with alkyl chains of lipid ARTICLE molecules, likely act as an anchor to mitigate the tendency of gadolinium to electrostatically separate chitosan from the liposome surface. Evaluation of Gadolinium-Loaded Liposome Contrast Capability. The ability of gadolinium-loaded liposomes to enhance MRI contrast was evaluated using a 3 T clinical MRI scanner. MR phantom images were acquired using an inversion recovery turbo spin echo (IR-TSE) pulse sequence to evaluate spinÀlattice relaxation time (T 1 ). Molar relaxivity was then determined by linear regression of the longitudinal relaxation rate (R 1 = 1/T 1 ) versus gadolinium concentration. Gadolinium loaded on the liposome modified by DTPAÀchitosan-g-C 18 significantly enhanced MR signal, compared to the liposome modified with DTPAÀchitosan (Figure 4a) . At a given liposome concentration, R 1 of the suspension was increased with DTPAÀchitosan-g-C 18 . However, the molar relaxivity of immobilized gadolinium was nearly the same across samples, regardless of DS C18 ( Figure S4 and Figure 4b ). Therefore, we interpret that the enhancement of R 1 attained with DTPAÀchitosan-g-C 18 is due solely to the higher loading of gadolinium on the liposome surface, noting that 30% of the DTPAÀ chitosan was desorbed upon exposure to GdCl 3 as shown in Figure 3c .
Additionally, at a given gadolinium concentration, the gadolinium-loaded liposomes assembled through sequential addition of DTPAÀchitosan-g-C 18 and GdCl 3 to preformed vesicles enhanced MR signal more significantly than gadolinium encapsulated in situ during ARTICLE liposome formation. In the analysis shown in Figure 5a , the gadolinium concentration was kept constant at 70 μM for both two conditions according to ICP-OES analysis. Noting that the amount of gadolinium per liposome was greater in the case of loading both in the interior and on the surface as compared to surface loading only, the number of liposomes per MR phantom sample was greater for liposomes loading gadolinium on their surfaces. Interestingly, the longitudinal relaxation rate (R 1 ) and the corresponding signal intensity of the phantom made with gadolinium localized on the outer leaflet were significantly greater than that made by encapsulation. This can be attributed to the greater total number of gadolinium ions anchored to the liposome surface. As such, the molar relaxivity of surface-bound gadolinium was twice that of gadolinium incorporated via in situ encapsulation (Figure 5b ).
This boost in relaxivity, and subsequent MR signal enhancement, are likely derived from enhanced contact with free water in surrounding media, in contrast to the limited interaction available to gadolinium within the liposome interior. Therefore, these results systematically rationalize the necessity to load gadolinium exclusively on particle surfaces for enhancing MR images. Furthermore, the relaxivity was enhanced beyond that of the clinically used unconjugated DTPAÀgadolinium complex with a molar relaxivity of 4.85 mM À1 s
À1
( Figure S3 ). Stability Analysis of Gadolinium-Loaded Liposomes in SerumSupplemented Media. We further analyzed the stability of the association between DTPAÀchitosan-g-C 18 and liposome surfaces by incubating the liposome particles in media supplemented with 10% human serum at 37°C, which is conventionally used to assess structural stability of nanoparticle formulations. Stability was monitored over the course of an hour to match the in vivo incubation period presented in the following sections. According to measurements of fluorescence intensity from liposomes after centrifugation to remove free chitosan molecules, more than 60% of the initially adsorbed DTPAÀchitosan-g-C 18 remained on the liposome surface ( Figure S5 ). We interpret that the desorption of chitosan from liposomes may result in part from the intrinsic instability of liposome particles in circulation, as characterized by an increase in liposome permeability and structural disintegration. 35, 36 We therefore propose that further optimization of the liposome itself to enhance stability in future studies would minimize the loss of DTPAÀchitosan-g-C 18 from the liposome surface. Additionally, the liposomes did not aggregate over the course of one-hour incubation according to optical images, and the average diameter changed minimally ( Figure S6 ). However, there was an observable reduction in the number of liposomes following incubation in the serum-supplemented media.
Despite detachment, DTPAÀchitosan-g-C 18 was able to retain its association with gadolinium in the presence of serum. The resulting complex of gadolinium and DTPAÀchitosan-g-C 18 was minimally toxic to cells, as evaluated with an MTT assay widely used to evaluate cytotoxicity. Endothelial cells incubated with gadolinium loaded on the liposome surface, as well as those incubated with gadolinium bound to free DTPAÀchitosan-g-C 18 , retained their metabolic activity, similar to untreated cells ( Figure S7 ). In contrast, half of the cells incubated with unchelated gadolinium over 24 h were no longer metabolically active.
In Vivo Performance of Gadolinium-Loaded Liposomes. To evaluate the capability of the gadolinium-coated ARTICLE liposomes to highlight target tissues of interest in vivo, two separate animal experiments were conducted using murine models with occlusive blood flow in femoral or renal arteries. First, an ischemic injury was induced in the left hindlimb of male BALB/c mice using a suture to occlude the femoral artery. 37 Such a model is often used to study peripheral vascular diseases that result in reduced or blocked blood flow to limbs, and ultimately limb infarction if not diagnosed and treated early. These vascular defects are caused by vascular occlusion, rupture, or leakage, characteristic of atherosclerosis, vascular leak syndrome, and other cardiovascular diseases. 38, 39 Through the tail vein, mice were either injected with gadolinium loaded on liposome surfaces using DTPAÀchitosan-g-C 18 (DS C18 = 4.2%), or with unconjugated DTPAÀgadolinium, as a control. The dosage of gadolinium was kept constant at 0.04 mmol/kg. One hour after injection, mice were imaged with a 14.1 T MR scanner to examine whether the injected liposome particles could enhance imaging of the occluded artery. Based on serum stability studies, we expected gadolinium would sufficiently remain on the liposome surfaces over the course of the experiment. In comparison to a mouse that received the ischemic injury but no injection of gadolinium, both the liposomebound and free gadolinium chelates provided signal enhancement in the hindlimbs (Figure 6 ). However, only in the case of gadolinium loaded on the liposome surface, the occluded artery was illustrated by greater area and intensity of the highlighted region than that of the uninjured right hindlimb. We therefore suggest that the liposomes were better able to accumulate in the occluded area than free DTPAÀ gadolinium. In this way, the gadolinium adsorbed to the liposome surface could locally enhance the relaxation rate in the extravascular tissue and subsequently provide contrast. Such discrimination between ischemic and nonischemic limbs was not observed with the free DTPAÀgadolinium, which emphasized the advantage of binding gadolinium to the liposome surface in the diagnosis of peripheral vascular diseases.
To further underscore the applicability of gadoliniumadsorbed liposomes in vivo, the system was administered in a rat model of renal ischemic injury. MR imaging is commonly used to diagnose renal diseases based on changes in anatomical structure, however, the use of gadolinium-based contrast agents may be limited due to lack of corticomedullary differentiation. 40 A major reason for this is the rapid transport of small gadolinium chelates from cortex to medulla during renal excretion. First, renal arteries were clamped for 45 min to induce an ischemic state in the kidney. Saline, gadolinium in the form of free DTPA chelate, or gadolinium anchored to liposomes was injected into the left kidney through the renal artery. Five minutes after injection, kidneys displayed enhanced signal compared to the saline-injected control (Figure 7) . However, in the case of the kidney injected with free DTPA chelate, medulla was not as readily delineated from cortex, as expected. The contrast agent appeared unevenly distributed throughout the kidney. Conversely, the gadoliniumloaded liposomes were localized within the cortex and ARTICLE were able to clearly differentiate cortex from medulla, as confirmed by near-infrared (NIR) fluorescence images of liposomes labeled with CellVue NIR815 dye. (Figure S8 ).
These results clearly underscore the utility of DTPAÀchitosan-g-C 18 in imbuing a liposome with MRI contrast capabilities due to (1) the higher loading of gadolinium on the liposome surface provided by hydrophobic stabilization and (2) enhanced molar relaxivity through surface localization. We envision that the contrast enhancement provided by this fabrication strategy can be further improved by modifying the chemical structure of DTPAÀchitosan-g-C 18 . For example, coating of the liposome surface with chitosang-C 18 substituted with a greater amount of DTPA would significantly increase gadolinium loading on the liposome and heighten the liposome's ability to increase MR contrast.
Additionally, this process facilitates separation of secondary imaging contrast agents or drug molecules from gadolinium by incorporating them inside the liposome, so as to circumvent potential interaction between gadolinium and other functional molecules. Moreover, we propose that this process has benefits beyond MRI. For example, chitosan-g-C 18 could be modified with peptides capable of binding with target pathological tissues. This strategy represents another way in which the efficiency of the functional unit is improved when localized on the liposome surface. Furthermore, though chitosan has been shown to demonstrate stealth properties in some cases, 41 ,42 the chitosan fastener may be further modified with poly-(ethylene glycol) to reduce potential opsonization and enhance in vivo retention. Separately, the liposome composition and particle size may be optimized for the particular application. Overall, our process of coating liposomes postfabrication with the chitosan fastener should be advantageous to decoupling the particle assembly from the particle surface modification for independent tunability of functional units.
CONCLUSION
Overall, this study demonstrates a simple, yet unreported method to functionalize liposome surfaces with gadolinium, an MRI contrast agent, using DTPAÀ chitosan-g-C 18 . Upon mixing premade liposomes with the DTPAÀchitosan-g-C 18 fastener, octadecyl chains were inserted into the lipid membrane via hydrophobic association, as confirmed by ITC. Subsequently, the octadecyl chains minimized desorption of chitosan molecules from the liposome triggered by chelation of gadolinium with DTPA. Therefore, liposomes loaded with gadolinium on their surfaces via DTPAÀchitosan-g-C 18 displayed a greater capacity to enhance MR contrast than liposomes modified by alkyl-free DTPAÀ chitosan. Additionally, this sequential assembly process to localize gadolinium on the exterior of the liposome greatly enhanced the molar relaxivity of gadolinium and subsequently MRI contrast, as compared to methods that incorporate gadolinium inside the liposome. Using in vivo models, we were also able to demonstrate the utility of the gadolinium-loaded liposomes in detecting and imaging ischemic sites. Taken together, this assembly strategy using a chitosan fastener will be broadly useful not only for functionalizing liposome surfaces with a wide array of imaging, targeting, and therapeutic modalities, and but also for spatially organizing them.
EXPERIMENTAL SECTION
Synthesis of DTPAÀChitosan-g-C 18 . Chitosan (Sigma-Aldrich) was dissolved in a 50 mM aqueous HCl solution heated to 70°C. Additional HCl was added to adjust the pH to 4.7 after chitosan was completely dissolved. Separately, varying amounts of stearic acid (Sigma-Aldrich) ; 2% or 5% with respect to glucosamine repeat unit of chitosan ; were dissolved in ethanol at 70°C. After dissolution of stearic acid, the solution was brought to room temperature and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, Sigma-Aldrich) was added at a molar ratio of 5:1 EDC to stearic acid. The stearic acid/EDC solution was then added to the dissolved chitosan and reacted at 70°C. The volume ratio between ethanol and HCl solution was kept constant at 1:2 for all conditions. After 24 h, the temperature was gradually reduced to room temperature, and the mixture continued to stir for another 24 h.
Then, ethanol was removed by precipitation in NaOH and the chitosan-g-C 18 was resuspended in HCl. Briefly, 50 mM NaOH was added to the solution of chitosan-g-C 18 , followed by centrifugation for 10 min at 4000 rpm. The supernatant was removed, and the precipitate was redissolved in 50 mM HCl aqueous solution at 70°C. This precipitation/dissolution process was repeated twice to ensure removal of ethanol.
Next, diethylenetriaminepentaacetic acid (DTPA, Sigma-Aldrich) was dissolved in deionized water. Tetramethylethylenediamine (TEMED, Sigma-Aldrich) was added to the DTPA solution to adjust the pH of the mixture to 4.7. The DTPA solution was then further mixed with EDC dissolved in 50 mM HCl aqueous solution. The molar ratio between DTPA and EDC was kept constant at 5:1, to minimize cross-linking between glucosamine units of chitosan and the multiple carboxylate groups of DTPA. The DTPA/EDC mixture was finally added to the chitosan or chitosan-g-C 18 solutions and allowed to react for 24 h at 70°C, followed by another 24 h at room temperature. The resulting DTPAÀchitosan and DTPAÀchitosan-g-C 18 were purified by dialysis (MWCO 6000À8000 regenerated cellulose tubing, Fisher Scientific) against 0.1 M NaCl for two days. The product was then further dialyzed in deionized water for one day. The purified product was then lyophilized, and kept in powder form before use.
Characterization of DTPAÀChitosan and DTPAÀChitosan-g-C 18 . The degree of substitution of octadecyl chains to chitosan was determined by a 2,4,6-trinitrobenzene sulfonic acid (TNBS, SigmaAldrich) assay, which quantifies the amount of unreacted amines on chitosan. Briefly, modified chitosan samples were dissolved in an 0.1 M acetate buffer at pH 5.0 and mixed with 0.1% (w/v) TNBS at 37°C. After incubation for 5 h, the absorbance of each mixture was measured at 335 nm with a microplate reader (Tecan Infinite 200 PRO, Tecan AG, Switzerland).
The degree of substitution of DTPA grafted to chitosan was quantified by the xylenol orange assay. A GdCl 3 (GdCl 3 3 6H 2 O, ARTICLE Sigma-Aldrich) solution was added incrementally to a solution of DTPAÀchitosan or DTPAÀchitosan-g-C 18 . After each addition, an aliquot was mixed with xylenol orange tetrasodium salt (Sigma Aldrich) in acetate buffer (50 mM, pH 5.80) to determine whether any gadolinium remained unchelated, as indicated by a change in the ratio of the absorbances at 573 and 433 nm. The amount of gadolinium required to cause a change in the absorbance ratio was used to calculate the DS of DTPA.
Liposome Preparation. Liposomes were prepared by a film hydration method followed by sonication. 1,2-Dipalmitoyl-snglycero-3-phosphocholine (Avanti Polar Lipids) was dissolved in chloroform (Fisher Scientific) and placed in a round-bottom flask. Chloroform was removed by rotary evaporation to yield an evenly distributed film. The film was then hydrated with deionized water at 50°C, which is above the transition temperature of DPPC. The lipid concentration was kept constant at 1 mg/mL. Following hydration, liposome suspension was placed on an ice bath and sonicated for 15 min. For experiments involving in situ encapsulation of gadolinium and DTPAÀ chitosan-g-C 18 in the liposome, DTPAÀchitosan-g-C 18 was first complexed with GdCl 3 . The lipid film, formed as described above, was then hydrated with the aqueous mixture of gadolinium and DTPAÀchitosan-g-C 18 .
Analysis of Chitosan on the Liposome Surface. To quantitate the association between modified chitosans and liposomes, chitosan molecules were first labeled with rhodamine. DTPAÀ chitosan or DTPAÀchitosan-g-C 18 were dissolved in neutral deionized water and reacted overnight with rhodamine-B isothiocyanate (Sigma-Aldrich), in which the isothiocyanate functional moiety reacted with the primary amine groups of the chitosan backbone ( Figure S2 ). Then, chitosan solutions were dialyzed against 0.1 M NaCl solution followed by deionized water to remove any unreacted rhodamine. Finally, the labeled chitosan molecules were lyophilized and kept dried until use. The rhodamine-labeled chitosans were adsorbed to preformed liposomes by stirring them together at room temperature for 10 min or 12 h, followed by centrifugation at 4000 rpm for 10 min. The supernatant, containing excess chitosan molecules, was then removed, and the pelleted liposomes were resuspended in deionized water. Concentrations of rhodaminelabeled chitosan in supernatant and resuspended liposome were analyzed by exciting the samples at 535 nm and measuring fluorescence intensity at 595 nm using a microplate reader (Tecan Infinite 200 PRO, Tecan AG, Switzerland). A standard curve was developed by serial dilution of the chitosan/liposome solution prior to centrifugation. For analysis, four replicates were prepared for each condition. Statistical significance between each sample set was determined from a two-tailed, unpaired Student's t test in Microsoft Excel, in which differences were considered significant for p < 0.05. Additionally, chitosan adsorption onto liposomes was visualized using a laser scanning confocal microscope (LSM 700, Carl Zeiss Microimaging, GmbH, Germany).
Loading and Analysis of Gadolinium on the Liposome Surface. A 7.56 mM GdCl 3 solution was added to the aqueous suspension of liposomes modified by DTPAÀchitosan or DTPAÀchitosan-g-C 18 at a 1:1 ratio of gadolinium to DTPA. Complete chelation was verified by xylenol orange assay. To quantify the amount of modified chitosan adsorbed to the liposome after gadolinium addition, fluorescently labeled DTPAÀchitosan and DTPAÀ chitosan-g-C 18 were used as described in the previous section. After incubation with gadolinium for 12 h, samples were centrifuged for 10 min at 4000 rpm. The concentrations of chitosan in both supernatant and resuspended liposomes were determined using the Tecan Infinite 200 PRO microplate reader as described. Again, four replicates were made per condition and analyzed for significance using a two-tailed, unpaired Student's t test.
Thermodynamic Analysis of Association between Chitosan and Liposome by Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) analysis was performed at 25°C with a MicroCal VP-ITC calorimeter (MicroCal, Northampton, MA). The 1.45 mL sample cell was filled with an aqueous liposome suspension at a total lipid concentration of 0.4 mM. The cell was titrated with 28 injections of 10 μL chitosan solution (5 mM glucosamine unit concentration). Each injection was performed over 17.1 s with a delay of 300 s between injections while stirring at 310 rpm. Data analysis was performed with Origin 5.0 software from MicroCal to yield thermodynamic binding parameters such as the binding constant, change in enthalpy, and change in entropy by fitting data to a single-site binding model. 32 The first data point was not included in the analysis.
T 1 Relaxivity Measurements. Measurements and imaging of MRI phantoms were performed with a head coil on a 3 T Siemens Magnetom Allegra MR scanner (Siemens AG, Erlangen, Germany). Images were produced with an inversion recovery turbo spin echo (IR-TSE) pulse sequence. The sequence used a repetition time (TR) of 2500 ms and an echo time (TE) of 10 ms. The inversion time (TI) was varied from 100 to 1700 ms to determine T 1 by nonlinear least-squares curve fitting to eq 7:
where S(TI) is the signal intensity measured by ImageJ software, S 0 is the signal at thermal equilibrium, and k is a constant related to the flip angle and magnetization of the system. 43 Relaxation rate, R 1 was then calculated as the inverse of relaxation time (1/T 1 ).
Longitudinal relaxivity, r 1 , was found by linear regression of the plot of R 1 versus gadolinium concentration according to eq 8:
where T 1,water is the longitudinal relaxation time of gadoliniumfree media and [Gd] is the total gadolinium concentration within a sample. For these measurements, gadolinium concentration was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES, Perkin-Elmer Optima 2000 DV, Norwalk, CT) after digestion of samples in a concentrated nitric acid solution. Assessment of Gadolinium-Loaded Liposome Using a Hindlimb Ischemia Model. The surgery to induce hindlimb ischemia was performed in accordance with the protocol approved by the Illinois Institutional Animal Care and Use Committee. The mice used were male BALB/c mice (Jackson Laboratories, ME) weighing approximately 30 g. Prior to surgery, mice were anesthetized with an intraperitoneal injection of a xylazine (10 mg/kg) and ketamine hydrochloride (100 mg/kg) cocktail. Hair was removed from the left hindlimb and a small incision was made on the upper thigh to expose the femoral artery and vein. The artery and vein were then ligated with 5À0 Ethilon sutures (Johnson & Johnson, NJ) to prevent blood flow to the limb. For mice receiving injection, 0.04 mmol/kg of gadolinium was then administered via tail vein.
Mice were imaged 1 h after injection with a 14.1 T Varian microimager consisting of a Unity/Inova 600 MHz NMR spectrometer (Varian, CA) equipped with a custom-made adjustable radio frequency coil. 44 T 1 -weighted Coronal images of the mouse hindlimbs were acquired using a spinÀecho multislice (SEMS) pulse sequence with the following parameters: slice thickness, 0.5 mm; TR, 350 ms; TE, 10 ms; matrix size, 256 Â 256.
Evaluation of Gadolinium-Loaded Liposome Using a Renal Ischemia Model. Procedures to induce renal ischemia were carried out according to the protocol approved by the Mayo Clinic Institutional Animal Care and Use Committee. The rats used were SpragueÀDawley rats (Jackson Laboratories, ME) weighing 300À400 g. Rats were anesthetized via intraperitoneal injection of xylazine (20 mg/kg) and ketamine hydrochloride (200 mg/kg). Anesthesia was maintained with intraperitoneal pentobarbital (20À40 mg/kg). An abdominal incision was then made and the renal arteries were clamped bilaterally for 45 min. Kidneys were then injected via the renal artery with gadoliniumÀDTPA, liposomes loaded with gadolinium via DTPAÀchitosan-g-C 18 (DS C18 = 4.2%), or saline. Kidneys injected with contrast agent received gadolinium doses of 0.3 μmol. Five minutes after injection, kidneys were removed for MR imaging.
Images were acquired with a 3 T Siemens MR scanner (AG, Erlangen, Germany). A three-dimensional spoiled gradient recalled (3D SPGR) sequence produced T 1 -weighted images using ARTICLE
